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CHARACTERISTICS OF SWEPT WINGS AT HiaE SPEEDS 
By Charles J. Donlan and Joseph Weil 


INTRODUCTION 

Progress is being made in subjecting to systematic study some of 
the many important factors affecting the behavior of swept wings at 
hi^ speeds. In this paper are presented some of the results of recent 
swept-wing investigations that were undertaken to determine the effects 
of thickness and thickness distribution^ camber and twist, nose— flap 
deflection, and devices or "fixes” for in 5 >roving the wing pitching- 
moment characteristics at hi^ lift coefficients. 
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a 

angle 

of attack 

X 

taper 

ratio 

A 

sveep 

angle 


sweep 

of q.uarter- chord line 


sweep 

of leading edge 

Sn 

nose- flap deflection 


EFFECT OF THICICNESS AKD THICKNESS DISTRIBUTION 
Lift-Curve Slopes 


Wings of aspect ratio 3«^ «- The lift-curve slope is a useful index 
for conqparing different wings because it gives a direct indication of 
lift effectiveness and has an importeuit influence on the drag due to 
lift for thin swept wings having little leading- edge suction. In fig- 
ure 1 are shown the results of a study of the effects of thickness and 
thickness distribution on the lift-curve slope (average slope frean 0 
to 0.4Cj^) for various Mach numbers for a 47° sweptback wing of aspect 

ratio 3*5 taper ratio 0.2. The data up to a Mach number of 1.15 
were obtained in the Langley 8- foot hi^-speed tunnel (reference l)j the 
data at M = 1.6 were obtained with the same model in the Langley 4- foot 
supersonic pressure tunnel (unpublished). The fuselage was a cylindrical 
body with an ogival nose that was Just large enou^ to house the strain- 
gage balance. Variations in uniform thickness ratio for these wings 
indicate only minor differences in the lift-curve slope and all wings 
possess regular although rapid variations in the transonic speed range. 

In the lower part of figure 1, a comparison has been made of the lift- 
curve slopes of a wing with a constant thickness ratio of 6 percent and 
one having a 6-percent-thlck section over only the outboard 60 percent 
of the semispan. The root was thickened to 12 percent and tapered to 
6 percent at the 40-percent semispan station. It is of interest that 
the tapered- in-thickness wing having a thickness ratio at the fuselage 
Juncture of about. 10 percent does not show any sudden losses in lift in 
this range. The theoretical variation of the lift-curve slope (refer- 
ences 2 to 4) has been added to indicate the confidence with which the 
data can be faired in the Mach number range for idiich data were 
unavailable. 
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Wings of aspect ratio 6. - An Indication of tlie influence of aspect 
ratio on this thickness effect is afforded in figure 2. The data for 
the wing of aspect ratio 6 were obtained from hump tests in the Langley 
7- hy 10-foot hi^-speed tunnel. (See reference 5- ) For this aspect 
ratio and sweep angle, it is apparent that 'a thickness ratio of 9 per- 
cent was not sufficient to avoid losses in lift in the transonic range, 
althou^ the losses are nowhere near so severe as those encountered with 
the 12-percent- thick wing; however, it will he noted on the lower part 
of this chart that a tapered- in- thickness wing having a 9-percent- thick 
root section and a 3-Percent- thick tip section was free of these losses 
and possessed characteristics similar to the constant 6-percent- thick 
wing. It appears, therefore, that some thickening at the root of a 
swept wing can he tolerated, provided the outer panel of the wing is 
thin enough. 

It has heen observed that the development of lift-slope "buckets” 
such as those shown for the 9- 12-percent- thick' wings occurs because 

of a breakdown in flow over the outer wing panel. Consequently, swept 
wings of high aspect ratio having this characteristic are likely also 
to have undesirable pitching-Hiioment effects at low lift coefficients as 
illustrated in figure 3* These are the same wings for which lift-curve 
slopes are shown in figure 2. The wings exhibiting the very erratic 
pitching-moment behavior at M. = 1.0 are seen to be the same wings that 
reveal a bucket-type lift- curved-slope variation in this range. The 
slopes of the curves of pitching moment against lift are plotted for 
different Mach numbers in the lower left part of the figure to provide 
an indication of the range over which this difficulty was experienced. 
The location of the lateral center of pressure is platted against Mach 
number in the lower ri^t part of figure 3* inboard movement of the 

lateral center of pressure in the vicinity of Mach number 1 for the 9- 
and 12-percent- thick wings is evidence that the losses in lift are 
occurring over the outer panels of these wings. It will be noticed that 
this behavior did not occur on either the 6-percent- thick wing or the 
9 to 3 percent tapered- in- thickness wing. 

Effect of Sweep Angle .- The effects of thickness on the lift-curve 
slope are, of course, influenced by sweep angle as well as by aspect 
ratio. Althou^ systematic data on this effect are scarce, some idea 
of the interdependency of these factors can be obtained from figure 4. 
This figure furnishes a convenient guide for estimating those combi- 
nations of aspect ratio, thickness ratio^ and sweep angle that are 
likely to provide a smooth variation in lift- curve slope throu^ the ■ 
transonic range. The preferred combinations of these factors are those 
falling in ^the cross-hatched regions below the lines of constant sweep 
angle. The boundary for the zero-sweep line is well established from 
experimental data but the boundary for 45^ sweep is only qualitative. 
Attention is called to the fact that the streamwlse thickness ratio 
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constituting the abscissa of this chart may be the root- mean- square 
value for a wing that is tapered in thickness and plan form. 


Minimum Drag 

Wings of aspect ratio 6. - Data obtained from rocket-model investi- 
gations (reference 6 and unpublished) showing the effects of thickness 
and thickness distribution on minimum drag are presented in figure 
All wings were of aspect ratio 6, taper ratio 0.6, and were tested on a 
parabolic body. For purposes of comparison, the body drag has been sub- 
tracted and the minimum drag of the wing- fuselage combination less 
fuselage is presented. Althou^ some mutual interference effects are 
undoubtedly present at Mach numbers close to 1, it is. believed that at 
M = 1.25 these interference effects are small. Therefore, at this Mach 
number, the drag is cross-plotted against the square of the root-mean- 
square thickness ratio of these wings. It appears from this plot that 
the wings with the thickness modifications are probably contributing an 
amount of drag consistent with their wei^ted thickness. 

Wings of aspect ratio Another thickness and thickness-distri- 

bution study has been con^leted at transonic speeds in the Langley 8-foot 
high-speed tunnel (reference l) and the Langley ^foot supersonic pres- 
sure tunnel (unpublished) and the results are presented in figure 6. 

These are the same wings for which lift-curve slopes were presented in 
figure 1. The wing- fuselage minus fuselage drag coefficients (WF-F) 
show the expected increases with thickness ratio. A cross plot of the 
data at Mach number 1.6 again demonstrates that the wing with the 
thickened root is contributing an amount of drag consistent with its 
weighted thickness. The reason for the delayed drag rise of the wing 
with the thickened root is not understood; It may be that, even with 
the small fuselage used on this model, favorable interference effects 
were encountered. 

A study of the effect of sweep angle on the characteristics of the 
4-percent wing of this family has also been made and the minimum drag 
results for the wing- fuselage less fuselage combination are given in 
figure 7* The results reflect the expected changes with sweep angle 
insofar as drag rise is concerned. Of some interest is the fact that 
the drag rise for this series of wings seems to have occurred at just 
about Mach number 1, as contrasted with the aspect- ratio- 6 wings which 
showed generally increasing drag coefficients up to Mach number 1.4. 

The calculated pressure-drag variation as determined from linear- 
theory charts (references 7 ani 8) is shown for each of the swept wings. 
Even when adjusted to account for frictional effects as was done here, 
it is evident that these theoretical variations supply an Inadequate 
guide for estimating the magnitude of the maximum drag rise that occurs 
at sli^tly supersonic Mach numbers. 
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Correlation of m1n1.mum-drag results^ - Inasmucli as the excess of 
thrust over drag for a jet-powered airplane eq.uipped with afterhuming 
may be critical at Mach numbers just above 1, a knowledge of the diag 
in this region is especially important. It has been observed that a 
number of wings of aspect ratio 4 possess the characteristics exhibited 
by the wings of aspect ratio 3-5j that is^ that the maximum pressure* 
drag rise occurs very close to M = 1. A correlation of this drag rise 
in the vicinity of M = 1 has been made for a number of wings of aspect 
ratio about 4 by using an empirical approach outlined in reference 9 s-nd 
the results are shown in figure 8. The lines are those given by the 
empirical formula at the top of the chart where the thickness is taken 
in the stream direction. The points represent data from the Indicated 
sources. That scmie orderly variation seems to exist for the pressure^ 
drag rise in the vicinity of M = 1 seems evident but whether such 
correlations can b^ extended to other aspect ratios or even to other 
sections must a-vra.it further study. 


Pitching-Moment Behavior 

Innumerable low-speed investigations have demonstrated the instal- 
bility occurring at high and even moderate lift coefficient for those 
combinations of s-vreep and aspect ratio that may otherwise be attractive 
from performance considerations. It may be of interest to examine the 
effects of Mach number on this pitching-moment behavior (fig. 9)- 
■wings of aspect ratio 6 were tested on the transonic bump in the Langley 
high-speed 7- by 10-foot tunnel (reference 5) and both were tapered in 
thickness as in^cated, althou^ thickness distribution has been found 
to have little effect on the particular characteristics under discussion. 
The -wings of aspect ratio 4 were Investigated in the Langley 8- foot high- 
speed tunnel (reference 10). It is seen that the severity of the 
pitching-moment reversal is lessened and delayed to higher lift coef- 
ficients as the transonic range is negotiated. Of particular importance 
is the rearward movement of the aerodynamic center at transonic speeds 
which tends to minimize the importance of the pitching-moment changes 
that are eventually encountered at hi^ lift coefficients. It would 
appear^ therefore, that, as far as the pitching-moment behavior is con- 
cerned, the most critical speed regime for high-aspect-ratio swept wings 
is likely to be at hi^ subsonic Mach numbers where the pitching-moment 
characteristics are similar to those encountered at low speeds. Of 
course, tail-on tests -vd.11 be required before any such conclusion can be 
stated with certainty. 
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METHODS FOR IMPROVING PBEFORMANCE AND STABILITY 

Performance 


Tvlst and camLer. - The use of twist and camber has been e 2 q>lored 
as one method of in^jroving both the stability and performance of swept 
wings. Some results of one investigation of this kind are shown in fig- 
ure 10. This investigation was conducted in the 12-foot pressure tun- 
nel at the Ames Laboratory at a Reynolds number of two million. (See 
reference 11. ) Both wings were of Identical plan form. One had an 
NACA 64A010 section peipendlcular to the quarter-chord line, whereas the 
other had an NACA 64 a 810 section perpendicular to the quarter-chord line 
and was washed out at the tip as Indicated. Insofar as any inqorovement 
in pitching- moment behavior is concerned, the cambered and twisted wing 
was not much better than the basic wing at M = O .85 and at M = 0.9^ 
it was worse. Prom this and other Investigations, it appears that some- 
thing more than camber and twist is needed to improve the hi^-speed 
pitching-moment behavior of swept wings at hi^ lift coefficients. To 
a certain extent, however, the study of this problem is con^jllcated 
because at low speeds those wings which possess a fairly large amount of 
camber and twist show large Reynolds number effects. For hi^-speed 
investigations, the Reynolds numbers have been relatively low. It is 
evident, however, that, at this Reynolds number at least, a substantial 
improvement in performance at M = O .85 resulted from -the use of camber 
and twist even though for this wing the beneficial effect had vanished 
at M = 0 . 9 ^. 


It has been possible to twist and camber wings for improved per- 
fonnance at supersonic speeds, although specific exanples of this kind 
are admittedly few. Figure 11 presents the maximum lift-drag ratios 
Obtained for three wings designed from lifting-surface considerations 
specifically for operation at supersonic speeds. The aspect- ratio-3 
wing was tested on the transonic bunp at a Reynolds number of about 
one million and was designed for a uniform pressure loading for a lift 
coefficient of 0.25 at a Mach number of 1.1 (reference 12). The aspect- 
ratio- 3.5 wing was designed for a uniform loading at a lift coefficient 
of 0.25 at a Mach number of 1.53 an<i was tested in the Ames 6- by 6- foot 
supersonic tunnel at Reynolds numbers up to 3«5 million (reference 13). 
The arrow wing was tested in the Langley 9-iiich supersonic tunnel and 
was designed for = 0.20 . at M = 1. 62 (reference l4). For each 

of these twisted eind cambered wings a conparlson with the corresponding 
flat wing was available. It is evident that some inprovement was 
obtained throughout the Mach number range, at least for the Reynolds 
numbers of the tests. In fact, the configurations with aspect ratio 3*5 
and 2.6 represent the highest lift-drag ratios that have been obtained 
in their respective Mach number ranges for purely swept wings. The 
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results for the aspect^ ratio-3 ving are for wing-alone data and the 
values of the lift-drag ratio are merely indicative of what m1^t he 
accomplished. 

Nose flaps .- One convenient device for studying camher effects is 
the nose flap. Preliminary tests have heen made to ea^jlore .the use of 
nose flaps at transonic speeds and the results obtained with a small 
semispan model in the Langley hi^- speed 7- by 10- foot tunnel (unpub- 
lished) are shown in figure 12. The ratio G ! indicates 

that the advantages of nose droop alone essentially disappeared at 
M = 0.975; however, with 3*5° of washout, the beneficial effects of 
nose- flap deflection were apparent at the highest Mach number for which 
data were available. 


Stability 

Regardless of the inprovements in performance that some of the 
modifications discussed may lead to, the problem of instability at hi^ 
lift coefficients is still the one for which it is most difficult to 
find a successful solution. Inasmuch as the use of leading-edge slats 
has been found to be an unattractive method for overcoming pitching- 
moment difficulties at hi^ speeds, a considerable amount of research 
is being devoted to other methods of improving the high-speed, hl^-lift 
stability characteristics of swept wings. 

Fences and chord-extensions .- Most of the progress that has been • 
made in improving the pitching-moment characteristics of swept wings so 
far is attributable to "fixes.” Fences, for example, are known from 
low-speed investigations to result in considerable improvements in 
stability. More recently, choixi-extenstons have indicated considerable 
premise at low speeds. Some recent results have been obtained on the 
relative effects of fences and chord- extensions at higji subsonic Mach 
numbers and the results of one such investigation are shown in fig- 
ure 13 . The investigation described in figure I 3 was conducted on a 
sting- supported model in the Langley high-speed 7" by 10-foot tunnel at 
a Reynolds number of 3*8 million (unpublished) . The particular chord- 
extensions used were determined from extensive low-speed investigations 
on this wing. It will be observed that at M = 0.8 the single fence 
was nearly as good as the chord-extension in improving the character- 
istics up to a lift coefficient of 0.8 but, at hi^er lift coefficients 
and especially at higgler Mach numbers, the chord— extension was more 
effective. Data (fig. l4) for a very similar wing but with a 0.15c chord- 

extension were obtained at a Reynolds numbfer of 6 X 10^ in the Langley 
16-foot transonic tunnel (unpublished) ^ At M = 0.8, the improvement 
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obtained vlth the chorda-extension vae remarkable and, althou^ the 
benefits of the chord-extension were less at hi^ Mach numbers, some 
improvement is still evident at a Mach number of 0.98. 

Inasmuch as the nose- flap results discussed earlier showed perform- 
ance gains, the effect of chord-extensions and fences was also investiga- 
ted in the Langley hi^-speed 7- by 10- foot tunnel with nose flaps deflec- 
ted on the sting- supported model described in figure 13. The results of 
the nose-flap study are shown in figure 15 and it will be observed that 
the model is the same as that described in figure 13 j except for the 

0.20c leading-edge flaps that were drooped 6^. A comparison of the 
pitching- moment data with that of figure 13 shows that the nose flaps in 
themselves are relatively Ineffective in producing any inqprovements in 
stability but that some improvement was obtained with a chord-extension 
or a fence. .In general, the choid-extension was more effective than the 
fence for the wing regardless of whether the nose was drooped or not. 

The effect of the chord-extensions on the maximum lift-drag ratio 
of this model, both with and without nose droop, is shown in figure l6. 

Of particular interest is the fact that whereas the chord^extension on 
the flat wing decreased the (^/^)niax hi^er Mach number for the 

flat wing, the chord- extension on the wing with nose flaps actually 
increased the (^/^)max throu^out the Mach number range. Altbou^ 

these arrangements are not considered optimum, they do indicate one 
possibility for improving both the performance and stability of swept 
wings. At the present state of our knowledge, these devices must be 
explored individually on each wing for which they are proposed. 

/ / 

RESUME 


In brief s umma ry, data have been presented wiiich indicate that: 

1. Swept wings having appreciable taper in thickness appear to have 
characteristics similar to those which would be expected from a similar 
wing of constant thickness ratio equal to the root-mean- square thickness 
ratio of the tapered wing. 

2. The maximum lift-drag ratios of sweptback wings can be improved 
by the judicious addition of camber and twist up to a Mach number of the 
order of 2.4. 

3. The unstable pitching-moment variation developed by swept wings 
at high lift coefficients is characteristic throu^out the subsonic and 
transonic Mach number range, althou^ the severity of this effect 
appears to be somei^at diminished' at transonic speeds partly as a result 
of the rearward movement of the aerodynamic center. 
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14-. Arrangements of fences and chord-'extenslons can "be developed on 
particular swept wings wiLlch materially Improve the stability character- 
istics at hl^ speeds without excessive loss In performance. 


Langley Aeronautical Laboratory 

National Advisory Committee for Aeronautics 
Langley Field, Va. 
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Figiire l.~ Effect of thickness and thickness distribution 
on lift characteristics. A = 3.5- 
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Figure 2.- Effect of thickness and thickness distribution 
on lift characteristics. A = 6.0. 
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ROCKET TESTS (WF-P) RN— 4-7X10® 
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Figure Influence of thickness and thickness distribu- 
tion on minimum drag, A = 6, 
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Figure 6.- Influence of thickness and thickness distribu- 
tion on minimum drag. A == 3 •5. 
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Figiire 7.~ Effects of sweep angle on iidjiiimjm-drag 
characteristics. A = 3.5. 
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Figiore 8,- Correlation of wave drag at low supersonic speeds 
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Figiare 9.- Mach niimber effect on the pitching-moment char- 
acteristics of a nixtnber of swept wings. 
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Figure 10.- Comparison of pitching moment and lift-drag 
ratios of a flat and a twisted and cambered. wing. 




Figure 11.- Summary of effects of twist and camber on the 
performance of swept wings. 



Figure 12.- Relative ingjrovement in (L/D)^^ of flat 
wing attributable to nose-flap deflection. 
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Figtire 13. “ Separate effects of chord-extensions and fences 
on the pitching-^noment characteristics. RN = 3.8 x 10^, 
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Figiire li|..“ Effect of chord-extensions on the pitching- 
moment characteristics of a swept wing at transonic 

speeds. RN = 6.0 x 10^. 
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